Introduction {#s1}
============

Tinnitus pathophysiology is typically thought to involve damage at one or more sites along peripheral and/or central auditory pathways; however, auditory system damage alone does not seem to be sufficient to cause chronic tinnitus. Indeed, a growing body of evidence suggests a relationship between tinnitus and other parts of the brain, both in the form of atypical function and anatomy (Shulman et al., [@B69]; Lockwood et al., [@B42]; Mirz et al., [@B50]; Lowry et al., [@B43]; Mühlau et al., [@B53]; Landgrebe et al., [@B38]; Schlee et al., [@B66]; Cheung and Larson, [@B4]; Leaver et al., [@B40]). Correspondingly, a number of models of tinnitus argue that non-auditory-perceptual networks are necessary components of tinnitus pathophysiology (Jastreboff, [@B32]; Møller, [@B52]; Mühlau et al., [@B53]; Rauschecker et al., [@B59]; De Ridder et al., [@B11]).

Of particular relevance is the limbic system, parts of which have been shown to be affected in tinnitus across several studies (Shulman et al., [@B69]; Lockwood et al., [@B42]; Mirz et al., [@B50]; Lowry et al., [@B43]; Mühlau et al., [@B53]; Landgrebe et al., [@B38]; Cheung and Larson, [@B4]; Leaver et al., [@B40]). Our previous work has identified an area of reduced gray matter (GM) in the ventromedial prefrontal cortices (vmPFC) of tinnitus patients using voxel-based morphometry (VBM) (Mühlau et al., [@B53]; Leaver et al., [@B40]). Based on these findings, we proposed that chronic tinnitus is caused by failure of the vmPFC-network to suppress aberrant activity in the auditory system (Mühlau et al., [@B53]; Rauschecker et al., [@B59]). This hypothesis is consistent with the role the vmPFC and associated structures play in the evaluation of many types of stimuli (Kable and Glimcher, [@B34]), and characterizes tinnitus as a problem of "noise cancellation."

However, alternative explanations remain. Previous work in mood disorders consistently identifies reduced GM in vmPFC and subcallosal anterior cingulate (scACC) in individuals suffering from clinical depression and anxiety (Drevets et al., [@B13]; Mayberg, [@B48]; Koenigs and Grafman, [@B35]). Also, tinnitus itself can be associated with stress and negative mood (Sullivan et al., [@B72]; Folmer et al., [@B20]; Dobie, [@B12]). Some theories of tinnitus pathophysiology argue that negative emotional reactions to tinnitus are necessary for the disorder to become chronic (Jastreboff, [@B32]; De Ridder et al., [@B11]). If aversive reactions to tinnitus are necessary components of tinnitus pathophysiology, one might expect a positive relationship between the severity of: (1) the auditory-perceptual characteristics of tinnitus, like loudness or awareness (i.e., the amount of time patients are aware of their tinnitus), (2) the patient\'s suffering and/or the presence of concomitant mood disorders or symptoms, and (3) reductions in vmPFC gray matter or other markers of tinnitus. On the other hand, if vmPFC can affect the gain of tinnitus independent of any emotional reaction (Mühlau et al., [@B53]; Rauschecker et al., [@B59]), one would expect reductions in vmPFC gray matter to be related to the auditory-perceptual characteristics of tinnitus, but not its aversiveness or symptoms of depression or anxiety.

Furthermore, due to the inherent limitations of VBM analyses used in previous studies (Mühlau et al., [@B53]; Landgrebe et al., [@B38]; Husain et al., [@B30]; Leaver et al., [@B40]), the exact nature of this anatomical anomaly in vmPFC and other anatomical markers of tinnitus are unknown. Decreases in cortical thickness, surface area, and gyrification (i.e., curvature or folding) could, in theory, all lead to similar VBM effects (Hutton et al., [@B31]). In addition, variability in these morphological features across individuals is likely to have different genetic origins and, correspondingly, cellular bases (Panizzon et al., [@B57]). Thus, going beyond the indirect measures of tissue volume that VBM offers should yield a more detailed picture of tinnitus pathophysiology.

In the current study, we used magnetic resonance imaging (MRI) to identify neuroanatomical correlates of tinnitus, and their relationship to tinnitus characteristics, tinnitus distress, and other factors. In a new cohort of participants, we first measured GM volume using volume-based methods (i.e., VBM). Turning to more sophisticated morphometric techniques, we sought to pinpoint the morphological basis of GM volume reductions using surface-based analyses. Finally, we attempted to determine whether vmPFC morphology reflected tinnitus distress, consistent with the typical view of the limbic system (Jastreboff, [@B32]; Møller, [@B52]; De Ridder et al., [@B11]), or whether vmPFC correlated with auditory-perceptual characteristics of tinnitus, consistent with our model (Mühlau et al., [@B53]; Rauschecker et al., [@B59]). By using a series of detailed questionnaires, we also measured the relationship between tinnitus symptoms and non-tinnitus factors like hearing loss, depression, and anxiety.

Methods {#s2}
=======

Participants
------------

Forty-four volunteers (23 tinnitus patients, 21 controls) gave informed consent to participate in this study according to procedures of the Institutional Review Board at Georgetown University. Participants were recruited such that the two groups would be matched by age and sex, and standard MRI safety considerations were used as exclusion criteria. Tinnitus patients ranged in age from 23 to 66 years; control participants ranged from 27 to 67 years of age. Detailed characteristics of these groups can be found in Table [1](#T1){ref-type="table"}.

###### 

**Participant characteristics**.

                                                                               **Patients**   **Controls**
  ---------------------------------------------------------------------------- -------------- --------------
  N                                                                            23             21
  Age (years)                                                                  47.4 (2.9)     49.0 (2.6)
  Sex (female, male)                                                           11, 12         13, 8
  Mean hearing loss (dB)                                                       31.1 (2.8)     23.4 (2.5)
  Loudness discomfort levels (dB)[^\*^](#TN1){ref-type="table-fn"}             87.1 (2.2)     93.7 (1.6)
  Noise sensitivity ratings (5-point scale)[^\*^](#TN1){ref-type="table-fn"}   2.0 (0.2)      0.4 (0.1)
  Depression score (PHQ9, 27 max score)[^\*\*^](#TN2){ref-type="table-fn"}     4.7 (1.0)      2.5 (0.6)
  Anxiety score (GAD7, 21 max score)[^\*\*^](#TN2){ref-type="table-fn"}        4.7 (1.0)      2.5 (0.7)
  History of mood disorder or medications (yes, no)                            6, 17          3, 18
  History of closed-head injury (yes, no)                                      4, 19          3, 18

Note: Mean values or counts are given where appropriate; numerical values in parentheses indicate standard error.

Scores were normalized and combined to form combined Noise Sensitivity Scores.

Measures were summed to form combined scores.

Audiometry
----------

Audiometric testing assessed pure-tone thresholds in all participants at the Division of Audiology at Georgetown University (Figure [1](#F1){ref-type="fig"}). Pure tones ranging from 250 Hz to 20 kHz were presented to each ear at increasing intensities until the threshold of detection was reached. The "standard" clinical audiogram tests frequencies from 250 Hz to 8 kHz; we tested additional frequencies above 8 kHz to create an "extended" audiogram for each subject. A conservative "normal" hearing range included thresholds below 20 dB Hearing Level (HL). Thresholds between 20 and 40 dB HL were considered a mild loss, 40--60 dB HL was considered moderate, and 60--90 dB HL severe. Thresholds above 90 dB HL were considered profound. Only two participants (1 tinnitus, 1 control) exhibited profound hearing loss in the standard frequency range (i.e., ≤8 kHz), at a single frequency, 8 kHz. Chi-squared analyses indicated no significant difference in the proportion of tinnitus patients and controls with normal, mild, moderate, severe, or profound loss in the standard audiogram (≤8 kHz: *X*^2^~(4)~ = 6.5, *p* = 0.17) or extended audiogram (\>8 kHz: *X*^2^~(4)~ = 3.98, *p* = 0.41). Therefore, only the mean hearing loss across the entire audiogram for both ears was considered for further analysis.

![**Hearing thresholds in tinnitus patients and controls.** The results of pure-tone audiometry are plotted for tinnitus patients **(A)** and control participants **(B)**. Thresholds in dB Hearing Level (HL) are displayed on the y-axis, and test frequencies are plotted on the x-axis, including standard audiogram frequencies up to 8 kHz and extended test frequencies \>8 kHz. Thick lines indicate the mean threshold; thinner lines indicate standard error above and below the mean. Dotted lines delineate ranges of normal (≤20 dB HL), mild (20--40 dB HL), moderate (40--60 dB HL), severe (60--90 dB HL), and profound (\>90 dB HL) hearing loss. The number of participants with maximum hearing loss in at least one frequency is indicated for each category in parentheses on the right, separately for standard (first number) and extended (second number) ranges of test frequencies.](fnsys-06-00021-g0001){#F1}

Noise sensitivity was tested using Loudness Discomfort Levels (LDLs) and a rating scale included in the Tinnitus Sample Case History Questionnaire (TSCHQ) (Langguth et al., [@B39]). During LDL assessment, pure tones of various frequencies were presented to both ears with increasing amplitude until the subject indicated an undesirable degree of discomfort. Frequencies tested included a 1 kHz standard and three others dependent on the subject\'s audiogram. Stimulation was aborted at 100 or 105 dB HL, so stimuli did not overlap with the entire normal range of LDLs (Morgan et al., [@B51]). Therefore, LDL scores were combined with a noise sensitivity rating score to yield a combined noise sensitivity measure. Both tinnitus patients and control participants used a 5-point scale to answer the following question from the TSCHQ: *Do you have a problem tolerating sounds because they often seem much too loud? That is, do you often experience sounds which other people around you find quite comfortable as too loud or hurtful? (0 = never; 1 = rarely; 2 = sometimes; 3 = usually; 4 = always)*. To compute the combined score, mean LDLs and noise sensitivity ratings were each normalized (0--1) and summed. Thus, a combined score of 0 indicated minimal noise sensitivity (i.e., LDL score = 100 dB HL and rating score of 0) and 2 indicated maximal noise sensitivity (i.e., LDL score = 0 dB HL and rating score of 4).

Tinnitus patients had experienced tinnitus for at least 4 months \[mean (SD) = 12.5 (17.6) years\], and reported no history of clinical hyperacusis or phonophobia. Best frequency-match to dominant tinnitus pitch was typically high \[mean (SD) = 4,612 (3,073) Hz\], and most reported bilateral tinnitus (*n* = 18). The reported etiology of tinnitus was variable and included change in hearing due to loud noise exposure or other factors (*n* = 7), combined hearing change and head trauma (2), ear or sinus infection (4), unknown or unspecified causes (8), and other factors (2). Tinnitus patients completed two questionnaires related to tinnitus, including the Tinnitus Handicap Inventory (THI) to measure tinnitus impact or distress (Newman et al., [@B54]) and the TSCHQ to assess tinnitus characteristics. We used three individual questions from the TSCHQ in our analyses. One question measured perceived sensitivity to noise as described above. The other two questions assessed auditory-perceptual characteristics of tinnitus, including the perceived loudness of tinnitus and the percentage of time patients were typically aware of their tinnitus throughout the day (i.e., "awareness"). The latter two questions are worded as follows: (1) *Describe the loudness of your tinnitus using a scale from 1 to 100,* and (2) *What percentage of your total awake time, over the last month, have you been aware of your tinnitus? For example, 100% would indicate that you were aware of your tinnitus all the time, and 25% would indicate that you were aware of your tinnitus one fourth of the time*.

Neurological history and questionnaires
---------------------------------------

Participants reported aspects of their medical history during MRI safety screening and the TSCHQ, including history of minor closed-head injury, mood disorder, and current use of neuromodulatory medications. This information is reported in Table [1](#T1){ref-type="table"}. A subset of participants reported either a history of mood disorder or current use of neuromodulatory medications (six tinnitus patients, three controls). Of these participants, five reported history of mood disorder (three tinnitus, two control), including depression (two tinnitus, two control), anxiety (two tinnitus), and mild bipolar disorder (one tinnitus). Five participants (four tinnitus, one control) were taking neuromodulatory medication at the time of the study, including GABA agonists or analogues (three patients, one control) and drugs targeting the serotonin system (two patients). These participants were singled out for further analyses.

Participants completed three questionnaires designed to assess symptoms of depression and anxiety: PHQ9 \[Patient Health Questionnaire 9, depression; (Kroenke et al., [@B36])\], GAD7 \[Generalized Anxiety Disorder; (Spitzer et al., [@B70])\], HADS \[Hospital Anxiety and Depression Scale (Zigmond and Snaith, [@B83])\]. The depression and anxiety subscales of the HADS inventory were highly correlated with the PHQ9 and GAD7, respectively (*r* = 0.77, *t*~(42)~ = 7.92, *p* \< 0.0001, and *r* = 0.85, *t*~(42)~ = 10.33, *p* \< 0.0001), and are not discussed further. Depression and anxiety scores were also highly intercorrelated (PHQ9 × GAD: *r* = 0.81, *t*~(42)~ = 8.92, *p* \< 0.0001); therefore, PHQ9 and GAD7 measures were summed to create a combined depression and anxiety score for each participant to be used in subsequent analyses.

Statistical analysis of audiometric and questionnaire data
----------------------------------------------------------

Data acquired during the audiological exam and on questionnaires were analyzed using Matlab\'s Statistics Toolbox (*Mathworks*). Student\'s *t*-tests assessed differences between group means on these measures. Equal variance was assumed between groups for those characteristics that were deliberately matched during recruitment (i.e., age), and unequal variance was assumed for all other tests (i.e., mean hearing loss, combined noise sensitivity scores, combined depression and anxiety scores). Chi-squared tests were used to assess differences between groups on categorical data (i.e., sex, history of head injury, history of mood disorder or neuromodulatory medication). Correction for multiple tests was implemented using Bonferroni\'s method, by dividing alpha by the total number of tests (*t* or Chi-squared) performed (7). Relationships between tinnitus symptoms and other patient characteristics were tested using multiple linear regression; no post hoc corrections were applied.

Image acquisition
-----------------

Images were acquired using a 3.0 Tesla Siemens TIM Trio scanner. A high-resolution anatomical scan (MPRAGE) was performed for each subject, using a sequence that optimizes image contrast between white and gray matter. MPRAGE parameters were as follows: TR = 2530 ms, TE = 3.5 ms, inversion time = 1100 ms, flip angle = 7°, 176 sagittal slices, matrix size 256 × 256 mm^2^, 1 × 1 × 1 mm^3^ resolution.

Image processing and analysis: volume-based morphometry
-------------------------------------------------------

Volumetric analyses were done using VBM in SPM8 (*Wellcome Trust Centre for Neuroimaging*) using the DARTEL (Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; Ashburner, [@B2]) toolbox. Images were first corrected for inhomogeneities in intensity, and segmented by tissue type using tissue probability templates native to SPM8 (International Consortium for Brain Mapping, [www.loni.ucla.edu/ICBM](http://www.loni.ucla.edu/ICBM)). Study-specific templates were then created using GM images from all subjects. GM images were aligned to this study-specific template, warped to MNI space, and modulated to reflect the amount of deformation applied during normalization (i.e., Jacobian scaling). Images were smoothed with a 6 mm^3^ FWHM Gaussian kernel, and corrected for total GM volume using proportional scaling. Resulting images were thresholded at 0.20 probability of tissue classification prior to statistical analyses. Between-groups comparisons were conducted voxel-wise across the entire brain, with compensation for unequal variance between groups (i.e., "non-sphericity" correction). Peak MNI coordinates are reported.

Morphometric techniques that rely on tissue segmentation, like VBM, may not be optimal for assessing subcortical structures containing multiple types of tissue (i.e., both white and gray matter) (Ashburner and Friston, [@B3]). Therefore, additional volumetric analyses of subcortical structures were performed using Freesurfer software version 1.313.2.6 ([www.surfer.nmr.mgh.harvard.edu](http://www.surfer.nmr.mgh.harvard.edu)). Images were first corrected for intensity bias and normalized into MNI space. Subcortical structures in these images were identified with an automated procedure that estimates the probability of structure-classification based on prior templates in which those structures were manually identified (Fischl et al., [@B18]). Subcortical structures identified using this method include the thalamus, caudate, putamen, globus pallidus, nucleus accumbens, amygdala, and hippocampus. Once segmented, the total volume of these structures was calculated in each hemisphere. Because results were similar in each hemisphere, volumes for both hemispheres were summed for statistical analyses reported here. Between-groups differences in total volume were assessed for each structure with Student\'s *t*-tests assuming unequal variance, using the percentage of total subcortical volume as the dependent measure. Because no tests survived a Bonferroni-correction for the number of *t*-tests performed (7), uncorrected *p*-values are reported.

Image processing and analysis: surface-based morphometry
--------------------------------------------------------

Surface-based analyses were done using Freesurfer. In an automated procedure, images were corrected for intensity bias, and segmented into cortical gray and white matter to reconstruct gray and white matter surfaces. Reconstructed surfaces were inflated, sphere-ized, and aligned with Freesurfer\'s template average. Automated segmentation of the cortex failed in one tinnitus patient; this participant\'s data was excluded from surface-based analyses.

For each point (i.e., vertex) on the successfully reconstructed surfaces, values were calculated for pial surface area, thickness, volume (the product of surface area and thickness), and gyrification (i.e., curvature). These data were smoothed in surface-space using a 10 mm^2^ FWHM Gaussian kernel. A larger kernel is desirable here because smoothing is more likely to occur within tissue type (i.e., gray matter). Between-groups comparisons (i.e., controls \> patients) and correlation analyses were conducted vertex-wise across the entire cortex using the general linear model (GLM). Data were not corrected for head size because: (1) significant clusters obtained from the GLM were not correlated with head size and (2) including, e.g., total gray matter volume as a "nuisance" covariate in the GLM did not qualitatively affect the results (data not shown). Peak MNI coordinates are reported.

Region-of-interest (ROI) analyses were also performed. All ROI analyses used the average value (surface area, thickness, or gyrification) for all vertices within the ROI patch as the dependent measure. ROI analyses included *t*-tests (Student\'s *t*) with unequal variance assumed between groups, ANCOVA analyses (group × relevant covariate), and correlation analyses (Pearson\'s *r*).

In those regions exhibiting reductions in GM volume in tinnitus patients compared to controls in the whole-head, surface-based analyses, ROI analyses were performed to determine whether volume differences could be explained by differences in surface area, thickness, gyrification, or some combination of these factors. One-tailed *t*-tests were used here, because, for example, a reduction in gray matter in tinnitus patients would be unlikely to be accompanied by increased cortical thickness. Bonferroni-corrections were applied for the total number of ROI tests (12).

To determine whether non-tinnitus factors affected anatomical differences identified between tinnitus patients and controls, we conducted ROI ANCOVAs, using the morphological feature that best described "volume" differences in each ROI (surface area, thickness, or gyrification). ANCOVAs allowed us to measure differences between groups while statistically controlling for the effects of three separate covariates: mean hearing loss, combined depression and anxiety scores, or combined noise sensitivity scores. *T*-statistics on the between-groups differences are reported with one-tailed significance values as above, and Bonferroni-adjustments were made for the number of tests in each ROI (3).

ROI analyses also measured the relationship between tinnitus characteristics and cortical morphology in those regions exhibiting significant differences between tinnitus patients and controls. Tinnitus characteristics tested included the number of years since tinnitus onset, tinnitus loudness ratings, the percentage of time patients reported being aware of their tinnitus, and total THI score (i.e., tinnitus distress). One-tailed tests were performed, as we hypothesized that tinnitus patients with more severe symptoms (e.g., louder tinnitus) would exhibit morphology less like controls. Because no tests survived a Bonferroni-correction for the number of correlation tests performed (4 per ROI), uncorrected *p*-values are reported.

Results {#s3}
=======

Relationships between tinnitus, tinnitus symptoms, and "non-tinnitus" factors
-----------------------------------------------------------------------------

In order to determine whether chronic tinnitus was concomitant with other non-tinnitus factors, we compared tinnitus patients and controls in a variety of measures (Table [1](#T1){ref-type="table"}). Tinnitus patients were deliberately matched by age and sex during recruitment; the groups did not differ on these dimensions (age: *t*~(42)~ = 0.39, *p*~corr~ = 1; sex: *X*^2^~(1)~ = 0.35, *p*~corr~ = 1). Tinnitus patients also did not differ from controls in mean hearing loss (*t*~(42)~ = 2.11, *p*~corr~ = 0.14) or depression and anxiety scores (*t*~(35)~ = 2.02, *p*~corr~ = 0.18; depression and anxiety scores were highly intercorrelated and thus combined). The proportion of people reporting lifetime incidence of depression, anxiety, or mood-targeting medications did not differ between groups (*X*^2^~(1)~ = 0.33, *p*~corr~ = 1), nor did the incidence of head injury differ between groups (*X*^2^~(1)~ = 0.79, *p*~corr~ = 1). Tinnitus patients did score significantly higher in noise sensitivity scores (*t*~(35)~ = 6.26, *p*~corr~ = 0.04 × 10^−6^), despite the absence of clinical diagnosis of hyperacusis. Although this indicates a heightened sensitivity to noise on average, many patients overlapped with the range of noise sensitivity scores in controls. Thus, the presence of tinnitus in these patients cannot be fully explained by any of these factors alone.

We also assessed the extent to which the severity of tinnitus can be predicted by other factors, using regression analyses to target two symptoms: tinnitus distress and tinnitus loudness. Tinnitus distress was best predicted by combined depression and anxiety scores (*r* = 0.71, *t*~(17)~ = 3.13, *p* = 0.006). No other factor explained a significant amount of variance in tinnitus distress, including mean hearing loss (*r* = 0.14, *t*~(17)~ = 1.41, *p* = 0.18), noise sensitivity (*r* = 0.39, *t*~(17)~ = −0.43, *p* = 0.67), percent time aware of tinnitus (*r* = 0.54, *t*~(17)~ = 0.85, *p* = 0.41), or tinnitus loudness (*r* = 0.31, *t*~(17)~ = 0.40, *p* = 0.70).

Tinnitus loudness was not significantly related to combined depression and anxiety scores (*r* = 0.23, *t*~(17)~ = −1.33, *p* = 0.20) or tinnitus distress (*r* = 0.31, *t*~(17)~ = 0.40, *p* = 0.70). Instead, the perceived loudness of tinnitus was best predicted by the amount of time patients reported being aware of their tinnitus (*r* = 0.56, *t*~(17)~ = 2.39, *p* = 0.03), and to a lesser extent noise sensitivity scores (*r* = 0.48, *t*~(17)~ = 2.15, *p* = 0.05). Degree of hearing loss was also not a good predictor of tinnitus loudness (*r* = 0.05, *t*~(17)~ = 0.53, *p* = 0.60). These data suggest that the severity of the auditory-perceptual symptoms of tinnitus (e.g., loudness) cannot be explained by ongoing emotional or distressed reactions to tinnitus, and are consistent with previous reports (Hiller and Goebel, [@B29]).

Tinnitus-related differences in cortical anatomy
------------------------------------------------

Using a single-voxel DARTEL-VBM analysis across the entire brain, we identified regions with significantly different GM volume in tinnitus patients as compared to controls (*p* \< 0.002, *k* \> 3.0 mm^3^; Figure [2](#F2){ref-type="fig"}). Tinnitus patients exhibited significantly less GM volume in ventromedial prefrontal cortex (vmPFC) compared to control participants (MNI coordinates *X,Y,Z* = 2, 21, --15). Additional GM reductions were identified in dorsomedial prefrontal cortex (dmPFC; MNI coordinates *X,Y,Z* = 2, 38, 39) and left supramarginal gyrus (SMG; MNI coordinates *X,Y,Z* = 59, --40, 24) adjacent to posterior auditory cortex. Tinnitus patients did not show greater GM volume than controls in any part of the brain at our chosen threshold.

![**Reductions in gray matter in tinnitus, using a volume-based analysis. (A)** Tinnitus patients showed reduced GM volume in ventromedial prefrontal cortex (vmPFC), dorsomedial prefrontal cortex (dmPFC), and supramarginal gyrus (SMG), as compared to control participants in a whole-brain voxel-based morphometry (VBM) analysis (blue). Statistical maps of between-groups differences are shown on parasagittal slices through single-subject template anatomy; the X-dimension in MNI space is displayed for each view. **(B)** Plots show mean modulated GM values in each cluster shown in **(A)** for each tinnitus patient (red) and control participant (gray). Asterisks indicate a significant difference between groups, as assessed by the whole-brain analysis in **(A)**.](fnsys-06-00021-g0002){#F2}

These tinnitus-related reductions in GM volume were confirmed using a different approach targeting the entire cortical surface (i.e., a surface-based analysis in Freesurfer). Again, significantly less GM volume was detected in tinnitus patients in left vmPFC in the olfactory sulcus, right dmPFC in the outer bank of the cingulate sulcus, and left SMG (*p* \< 0.005; Figure [3A](#F3){ref-type="fig"}). An additional left vmPFC region also exhibited less GM volume in tinnitus patients than controls but was located rostral to the one identified during volume-based analysis, which was near the frontal pole (r-vmPFC).

![**Differences in cortical morphology in tinnitus, in a surface-based analysis. (A)** Tinnitus-related reductions in GM volume are confirmed in a single-vertex analysis across the entire cortical surface. Tinnitus patients had significantly smaller GM volumes in the same areas identified in the volume-based analysis shown in Figure [1](#F1){ref-type="fig"}, vmPFC, dmPFC, and SMG, as well as an additional cluster in rostral vmPFC (r-vmPFC). **(B)** For each cluster in **(A)**, the mean values of morphological features are plotted, including cortical thickness, surface area, and gyrification (curvature) for each group. For gyrification, positive values indicate sulci, negative values indicate gyri. Tinnitus patients are plotted in red; control participants are plotted in gray. Error bars represent standard error, and asterisks denote significant difference between groups (*p*~corr~ \< 0.05).](fnsys-06-00021-g0003){#F3}

Reduced GM volume in tinnitus patients could be explained by smaller surface area, thinner cortex, decreased gyrification, or some combination of these factors. Therefore, we used ROI analyses to assess the morphometric origin of volume differences in these four areas (Figure [3B](#F3){ref-type="fig"}). In posterior vmPFC, volume reductions were best explained by a reduction in cortical surface area (*t*~(25)~ = 3.22, *p*~corr~ = 0.02). Cortical thickness and gyrification were not different in this region between groups (*t*~(39)~ = 0.38, *p*~corr~ = 1; *t*~(41)~ = −0.41, *p*~corr~ = 1).

In SMG, cortical thickness and surface area did not differ between groups (*t*~(28)~ = 2.00, *p*~corr~ = 0.33; *t*~(39)~ = 2.53, *p*~corr~ = 0.09); instead, gyrification differed between groups (*t*~(38)~ = −3.61, *p*~corr~ = 0.005). Specifically, the sulcus on which the ROI was located was deeper in tinnitus patients than controls (positive values indicate sulci, negative values indicate gyri). Similarly, the volume difference in dmPFC is again best explained by differences in sulcal depth (*t*~(34)~ = −3.00, *p*~corr~ = 0.03); cortical thickness and surface area did not differ in dmPFC (*t*~(40)~ = 1.85, *p*~corr~ = 0.43; *t*~(34)~ = 2.54, *p*~corr~ = 0.10). These differences in gyrification in SMG and dmPFC were associated with a trend toward corresponding reduction in surface area (*p*~corr~ = 0.09 and *p*~corr~ = 0.10, respectively), consistent with the idea that deeper sulci typically contain less cortical tissue than other parts of the cortical surface (Fischl and Dale, [@B17]).

In rostral vmPFC, cortex was thinner in tinnitus patients than in controls (*t*~(41)~ = 2.89, *p*~corr~ = 0.04). No significant differences were indicated in gyrification (*t*~(41)~ = −1.65, *p*~corr~ = 0.64) or surface area (*t*~(41)~ = 2.33, *p*~corr~ = 0.15) in this region.

Tinnitus-related differences in subcortical anatomy
---------------------------------------------------

The volume of subcortical structures, including the thalamus, caudate, putamen, globus pallidus, nucleus accumbens, amygdala, and hippocampus, did not differ between tinnitus patients and controls (Table [2](#T2){ref-type="table"}). There was a trend toward increased volume in the left hippocampus of tinnitus patients (*t*~(39)~ = 1.90, *p* = 0.07), but this difference was not statistically significant.

###### 

**Volume of subcortical structures in tinnitus patients and control participants**.

                      **Patients (mean, sd)**   **Controls (mean, sd)**   **Statistics (*t, p*)**
  ------------------- ------------------------- ------------------------- -------------------------
  Thalamus            3.97 (0.33)               3.91 (0.31)               −*0.06, 0.54*
  Caudate             2.12 (0.23)               2.08 (0.23)               −*0.07, 0.53*
  Putamen             3.03 (0.33)               3.01 (0.36)               −*0.17, 0.86*
  Globus pallidus     1.01 (0.09)               0.96 (0.12)               −*1.57, 0.13*
  Nucleus accumbens   0.31 (0.03)               0.31 (0.04)               −*0.09, 0.93*
  Amygdala            0.87 (0.08)               0.85 (0.08)               −*0.99, 0.34*
  Hippocampus         2.23 (0.18)               2.18 (0.17)               −*1.06, 0.31*

Note: Volume measures displayed are the percent of total subcortical volume. Statistics reflect the result of *t* tests, unequal variance assumed.

Cortical differences in tinnitus and their relationships to non-tinnitus factors
--------------------------------------------------------------------------------

Next, we sought to determine whether non-tinnitus factors affected anatomical differences we identified between tinnitus patients and controls (Figure [4](#F4){ref-type="fig"}). In the regions of interest (ROIs) defined above, we performed ANCOVAs using the morphological feature that best described "volume" differences in those regions (i.e., surface area for vmPFC, thickness in rostral vmPFC, and gyrification for SMG and dmPFC). Differences were measured between groups while statistically controlling for the potential influence of three separate covariates: mean hearing loss, combined depression and anxiety scores, and combined noise sensitivity scores.

![**Tinnitus-related cortical morphology and non-tinnitus factors**. Scatterplots show the relationship between morphological features that best explain differences between tinnitus patients and controls in posterior vmPFC, rostral vmPFC, dmPFC, and SMG, and non-tinnitus factors. The mean value is plotted for each tinnitus patient (red) and control (gray) in each cluster, against mean hearing loss (left), noise sensitivity (middle), and combined depression and anxiety scores (right). Regression lines are plotted for each group, and insets display corresponding Pearson\'s *r* values for patients (red) and controls (black). Crosses (†) mark those plots for which ANCOVA analysis failed to find a difference between groups, and also indicated moderate correlation between morphological features and non-tinnitus factors. An outlier with dmPFC curvature \>3 SD below the mean of tinnitus patients is encircled with a dashed line.](fnsys-06-00021-g0004){#F4}

In vmPFC, morphological differences observed between tinnitus patients and controls were not driven by non-tinnitus factors. Differences between these groups in vmPFC were significant when controlling for the influence of hearing loss (*t*~(39)~ = 2.98, *p*~corr~ = 0.008), noise sensitivity (*t*~(36)~ = 2.27, *p*~corr~ = 0.04), and combined depression and anxiety scores (*t*~(39)~ = 3.21, *p*~corr~ = 0.004). Differences in surface area in vmPFC are thus likely to be related to the presence of tinnitus, and not other factors.

In dmPFC, there was a non-significant trend toward a difference between groups when controlling for noise sensitivity (*t*~(36)~ = 2.03, *p*~corr~ = 0.08). After correcting for an outlier (\>3 SD below patients\' mean), the tinnitus-related difference in morphology was indeed significant (*t*~(35)~ = 2.30, *p*~corr~ = 0.04). Hearing loss and depression/anxiety scores did not influence the difference between groups in dmPFC (*t*~(38)~ = 3.39, *p*~corr~ = 0.003 and *t*~(38)~ = 3.38, *p*~corr~ = 0.003, respectively).

In SMG and rostral vmPFC, between-groups differences were not driven by hearing loss or depression/anxiety scores, but were influenced by noise sensitivity. In SMG, differences between tinnitus patients and controls were not significant when statistically controlling for noise sensitivity scores (*t*~(36)~ = 1.44, *p*~corr~ = 0.24). In addition, there was an overall trend toward a positive correlation between noise sensitivity and SMG curvature in both groups (*F*~(1,\ 36)~ = 2.09, *p* = 0.16). This indicates that the difference in gyrification we identified between tinnitus patients and controls in SMG may be due to differences in noise sensitivity between these participants. In ROI analyses including mean hearing loss and depression/anxiety scores as "nuisance" covariates, between-groups differences were significant (*t*~(39)~ = 3.86, *p*~corr~ = 0.0006 and *t*~(39)~ = 3.12, *p*~corr~ = 0.005, respectively).

A similar pattern was observed in rostral vmPFC, in which differences in cortical thickness between tinnitus patients and controls were not significant when taking noise sensitivity scores into account (*t*~(36)~ = 0.76, *p*~corr~ = 0.68). Noise sensitivity scores were also modestly correlated with cortical thickness in this region (*F*~(1,\ 36)~ = 2.87, *p* = 0.10). Differences between groups were significant in analyses controlling for mean hearing loss and depression/anxiety scores in rostral vmPFC (*t*~(39)~ = 2.57, *p*~corr~ = 0.02 and *t*~(39)~ = 2.57, *p*~corr~ = 0.02, respectively).

Tinnitus characteristics and brain anatomy
------------------------------------------

The previous analysis identified two areas of the brain with significant anatomical differences between tinnitus patients and controls when controlling for non-tinnitus factors: vmPFC and dmPFC. ROI analyses in these two areas determined whether their morphology related to the severity of tinnitus distress or other symptoms (Figure [5](#F5){ref-type="fig"}). In dmPFC, a significant positive correlation was present with the percentage of time participants were aware of their tinnitus (*p* = 0.02, after removal of outlier described above). Thus, patients with deeper sulci reported being aware of their tinnitus more often than those with dmPFC gyrificiation similar to control participants. A modest negative correlation was also indicated between vmPFC surface area and tinnitus loudness (*p* = 0.06), such that those patients with the highest loudness ratings also exhibited the greatest reductions in cortical surface area. No other correlations were significant (*p* \> 0.05).

![**Relationship between tinnitus severity and anatomical markers of tinnitus.** For those clusters exhibiting a robust anatomical difference between tinnitus patients and controls, the relationship between morphological features and tinnitus characteristics are shown. Values for each subject are plotted, with corresponding regression lines and Pearson\'s *r* values. A modest negative correlation was indicated between vmPFC surface area and tinnitus loudness (†*p* = 0.06, one-tailed test). A significant correlation was also apparent between dmPFC curvature and the percentage of time patients reported being aware of their tinnitus after removal of a statistical outlier (^\*^*p* = 0.02, one-tailed test). Black regression lines and *r* statistics in parentheses reflect the results of correlation analyses performed after removing this outlier.](fnsys-06-00021-g0005){#F5}

Correlations between cortical morphology (thickness, surface area, and gyrification) and tinnitus characteristics were also measured across the entire brain (*p* \< 0.0005, *k* \> 70 vertices; Figure [6](#F6){ref-type="fig"}). Tinnitus distress was positively correlated with cortical thickness in anterior insula (aIns). Percent of time patients reported being aware of their tinnitus positively correlated with STG thickness and SMG surface area. There was an additional area in the postcentral gyrus (PCG) that showed a positive correlation between cortical thickness and duration since the onset of tinnitus. No area in the brain exhibited correlations between tinnitus loudness ratings and whole-brain morphology.

![**Tinnitus characteristics and cortical anatomy. (A)** Correlations between cortical morphology and tinnitus characteristics are displayed on the cortical surface. Positive correlation between tinnitus distress and cortical thickness in anterior insula (aIns) is shown in orange. Positive correlations between the percentage of time patients reported being aware of their tinnitus were present in two areas: supramarginal gyrus (SMG) surface area in yellow and superior temporal gyrus (STG) thickness in green. A purple cluster indicates a positive correlation between time since tinnitus onset and cortical thickness in postcentral gyrus (PCG). **(B)** Scatterplots show mean data for the clusters identified in **(A)**. Values are indicated for each tinnitus patient, with regression lines and Pearson\'s *r* values shown.](fnsys-06-00021-g0006){#F6}

In a post hoc ROI analysis, cortical thickness in aIns was positively correlated with combined depression and anxiety scores in patients (*r* = 0.78, *p* \< 0.0001). However, this relationship was not present in controls (*r* = −0.16, *p* = 0.50).

Depression and anxiety
----------------------

We also assessed the relationship between cortical anatomy and measures of anxiety and depression across the whole brain using the surface-based approach. We looked specifically for negative correlations between depression and anxiety and cortical thickness, in light of previous evidence linking these disorders to cortical volume reductions in scACC. Indeed, we saw a negative correlation between combined depression and anxiety scores (see Methods) and cortical thickness in scACC, when combining data from both tinnitus patients and controls (*p* \< 0.005; Figure [7](#F7){ref-type="fig"}; MNI coordinates *X,Y,Z* = 6, 24, --8; *k* = 12 mm^2^). An additional cluster was identified in dorsal ACC (MNI coordinates *X,Y,Z* = 6, 14, 32; *k* = 19 mm^2^).

![**Relationship between depression and anxiety and cortical thickness. (A)** Right subcallosal anterior cingulate cortex (scACC) and dorsal anterior cingulate cortex exhibited a negative relationship between combined depression and anxiety scores and cortical thickness (red). The mirrored location of reduced gray matter volume in tinnitus patients in left vmPFC (Figure [3A](#F3){ref-type="fig"}, top panel) is also displayed for reference (blue), illustrating the spatial dissociation of the two effects. The inflated surface was rotated from the medial aspect of the brain along the y-axis so that all clusters are within view. **(B)** Data from the scACC cluster shown in **(A)** is plotted for each tinnitus patient (red) and control (gray). Regression lines and Pearson\'s *r* values for each group are displayed, which show the negative relationship between depression/anxiety scores and cortical morphology in this region.](fnsys-06-00021-g0007){#F7}

Discussion {#s4}
==========

In our structural MRI study, we identified morphological markers of tinnitus, and assessed the relationship between these markers and various tinnitus characteristics and non-tinnitus factors linked to tinnitus like depression, anxiety, and noise sensitivity. We confirmed the association between tinnitus and reduced GM in vmPFC in an entirely new set of subjects, and identified a new tinnitus-related effect in dmPFC. These morphological differences in vmPFC and dmPFC were not affected by non-tinnitus factors or tinnitus distress, but seem to be related to auditory-perceptual characteristics of tinnitus. Tinnitus distress, on the other hand, was linked to variability in cortical thickness in the anterior insula, while depression and anxiety scores predicted cortical thickness in scACC in both tinnitus patients and controls. In addition, we report that noise sensitivity may be related to anatomy in SMG and rostral vmPFC. Taken together, our data suggest that the neural systems related to the tinnitus perception itself are distinct from those affected by tinnitus distress, mood disorders, and noise sensitivity. We take this to mean that aversive or affective reactions to the tinnitus percept may not be necessary for chronic tinnitus to develop, although future research is needed to directly address causality. Regardless, the possibility that the perceptual characteristics of tinnitus are separable from ongoing affective reactions should be considered in current models of tinnitus pathophysiology and in approaches to treatment.

The role of midline frontal cortex in tinnitus
----------------------------------------------

In a subregion of vmPFC, we identified GM reductions in a third group of tinnitus patients, providing confirmation of our previous studies (Mühlau et al., [@B53]; Leaver et al., [@B40]). We also presented two additional novel findings in the current paper regarding vmPFC morphology. First, we showed that the anatomical anomaly (i.e., GM reduction) in vmPFC of tinnitus patients is due to a reduction in cortical surface area, not cortical thinning or gyrification. Methods used in previous studies have been unable to examine morphology in such detail (Mühlau et al., [@B53]; Landgrebe et al., [@B38]; Husain et al., [@B30]; Leaver et al., [@B40]; Mahoney et al., [@B45]). In addition, we demonstrated that reduced gray matter in vmPFC is not correlated with depression, anxiety, or tinnitus distress, suggesting that GM reductions in vmPFC are not likely to be caused by the aversiveness of tinnitus or stress caused by the disorder. Instead, morphology in this area was modestly correlated with the perceptual loudness of the tinnitus sensation, indicating that vmPFC is related to the perception of tinnitus and is thus part of the gating system postulated previously (Rauschecker et al., [@B59]).

Because the relationship between midline frontal areas and affect is well documented (Drevets et al., [@B13]; Mayberg, [@B48]; Koenigs and Grafman, [@B35]), it was important to show that tinnitus-related effects in vmPFC were not due to, for example, cell death resulting from prolonged exposure to an aversive sound (i.e., tinnitus). If ongoing emotional reactions to tinnitus caused GM loss in vmPFC, one would expect the severity of that loss to correlate with how annoyed or bothered each patient was by his or her tinnitus, or perhaps with the amount of time since the onset of the disorder. We found neither of these to be true. The morphology of this subregion of vmPFC seems to have no bearing on ongoing negative or emotional reactions to tinnitus.

We did identify a relationship between symptoms of anxiety and depression (as measured by questionnaire) and cortical thickness in scACC, close to but clearly separate from tinnitus-related reductions in vmPFC surface area. The scACC has been implicated in mood disorders (Drevets et al., [@B13]; Mayberg, [@B48]; Hamani et al., [@B27]), and is a target of deep brain stimulation treatment for major depression (Lozano et al., [@B44]). Tinnitus itself is sometimes comorbid with depression (Sullivan et al., [@B72]; Folmer et al., [@B20]; Dobie, [@B12]; Robinson et al., [@B62]), and even our own behavioral data indicated a (non-significant) tendency for tinnitus patients to score higher on measures of depression and anxiety (uncorrected *p* = 0.06; Table [1](#T1){ref-type="table"}). However, this correlation between scACC thickness and symptoms of depression and anxiety was present in both tinnitus patients and controls, and there was no difference between groups in cortical thickness in this area. Thus, these data suggest a dissociation between midline frontal areas affected in depression from those affected in tinnitus perception. The extent to which the pathophysiology of depression overlaps with that of anxiety and other mood disorders is an ongoing area of research (e.g., Savitz and Drevets, [@B64]) and may be informative in future studies of tinnitus and tinnitus-related suffering.

Although midline frontal cortex as a whole might be involved in both affective processing and tinnitus (De Ridder et al., [@B11]), our data indicate a spatial dissociation within this region between tinnitus-related (vmPFC) and mood-related (scACC) effects (Figure [7A](#F7){ref-type="fig"}). This underscores the importance of appreciating the rich functional heterogeneity within midline frontal cortex (Ongür et al., [@B55]) when examining the functional and structural effects of tinnitus in this part of the brain. All VBM studies of tinnitus thus far have used comparable imaging parameters, including voxel resolution, and smoothing (Mühlau et al., [@B53]; Landgrebe et al., [@B38]; Husain et al., [@B30]; Leaver et al., [@B40]; Mahoney et al., [@B45]); however, most of these studies have not distinguished between tinnitus, tinnitus distress, and negative mood. Our current data indicate that tinnitus research that does not measure symptoms of anxiety and depression as well as tinnitus may run the risk of not unraveling tinnitus-related effects in vmPFC (Landgrebe et al., [@B38]; Husain et al., [@B30]; Mahoney et al., [@B45]), or conflating the latter with mood-related effects in scACC (Mühlau et al., [@B53]; Leaver et al., [@B40]).

Indeed, we identified an additional midline structure, dmPFC, which showed tinnitus-related effects complementary to those seen in vmPFC. As in vmPFC, morphological differences in dmPFC were not affected by depression, anxiety, or tinnitus distress. Instead, dmPFC morphology, characterized as a difference in cortical curvature, was related to an auditory-perceptual characteristic of tinnitus---awareness, or the proportion of time patients were aware of their tinnitus. This suggests that these two areas may play complementary roles in tinnitus. To the best of our knowledge, these findings in dmPFC are novel, and may result from superior image-alignment afforded by the methods used in the current study (i.e., DARTEL-VBM and cortex-based alignment in Freesurfer). Future studies delineating the respective roles of these regions in tinnitus will contribute to the ongoing debate regarding the differential function of dorsal and ventral regions of medial frontal cortex in other domains (Steele and Lawrie, [@B71]; Etkin et al., [@B15]; Shackman et al., [@B68]).

What causes these morphological differences in midline frontal cortex between tinnitus patients and controls remains to be determined. In terms of timing, our data suggest two hypotheses: that the relative size (and cellular make-up) of vmPFC is determined prior to tinnitus onset, or that GM loss in vmPFC occurs soon after the onset of the disorder. In our data, GM levels in vmPFC and dmPFC were the same whether patients had tinnitus for their entire lives or only 4--6 months (Figure [5](#F5){ref-type="fig"}); longitudinal studies could capture morphological changes over the first few months of tinnitus onset to determine which hypothesis is correct. Apart from timing, there are several possible causes for tinnitus-related differences in vmPFC, which are not mutually exclusive. Genetic factors may determine vmPFC size from birth, or they may cause midline frontal regions to be more vulnerable to stressors or lesions. Environmental factors like chronic stress, depression, or mechanical injuries may also cause cell loss in vmPFC or connected midline structures, or may make the area more susceptible to damage. Indeed, mechanical injuries, such as head trauma or blast injury, can specifically affect ventral frontal regions (Mattson and Levin, [@B46]; Fujiwara et al., [@B21]). In theory, damage to a single subregion may also affect other parts of the midline and orbital frontal system, as these areas are richly interconnected (Ongür and Price, [@B56]). In addition to longitudinal studies to determine timing, histological studies would be useful in determining the cellular bases of tinnitus-related differences in midline frontal cortex. So, although stressful life events or depression may be one way of damaging or over-working this system and causing chronic tinnitus (e.g., combined with sensorineural hearing loss), we argue that it is only one of many ways that the vmPFC-network can be compromised in tinnitus pathophysiology.

Overall, our data are consistent with the idea that midline frontal areas are involved in regulating interoceptive functions, including bodily sensations like pain (Kuchinad et al., [@B37]), emotions (Drevets et al., [@B13]; Mayberg, [@B48]), or even unwanted thoughts or actions (Floresco et al., [@B19]). In the context of tinnitus, we propose that an "intact" vmPFC is able to suppress aberrant thalamocortical activity in the auditory system (e.g., tinnitus), through its "driver" inputs to inhibitory neurons in the subsection of the reticular nucleus near auditory thalamus (Zikopoulos and Barbas, [@B84]). If vmPFC is compromised, this circuit is less efficient in regulating unwanted activity, and tinnitus persists (Mühlau et al., [@B53]; Rauschecker et al., [@B59]). In the model we propose, a negative or emotional reaction to tinnitus is not necessary for the disorder to become chronic, though stress and negative affect can clearly have modulatory effects on these circuits.

Tinnitus distress and cortical morphology
-----------------------------------------

Tinnitus can be debilitating, but there is also variability in the degree to which tinnitus affects each patient\'s quality of life (Heller, [@B28]; Eggermont and Roberts, [@B14]). Our behavioral data indicate that the auditory-perceptual symptoms of tinnitus (e.g., perceived loudness or awareness) are not good predictors of tinnitus distress. Correspondingly, those areas of the brain showing tinnitus-related differences in morphology in our study (i.e., vmPFC, dmPFC) do not seem to be affected by tinnitus distress. Instead, a separation seems to exist between those parts of the brain mediating tinnitus, and those meditating the emotional or stress reaction to tinnitus. Specifically, we saw that the severity of tinnitus distress was correlated with cortical thickness in the anterior insula (aIns). Several studies have implicated aIns in pain (DaSilva et al., [@B9]), stress (Choi et al., [@B5]; Dannlowski et al., [@B10]), mood disorders (Mayberg et al., [@B49]), and tinnitus distress (van der Loo et al., [@B73]), suggesting it may be involved in mediating the visceral sensations associated with stress and negative affect.

In our data, aIns thickness was also positively correlated with depression and anxiety scores in patients, but not in controls. This may indicate that aIns plays a role in affective reactions specific to tinnitus or other "interoceptive" phenomena (Craig, [@B8]) not experienced by controls, or that some tinnitus patients process stress or negative affect differently. However, the range of depression and anxiety scores in the current study was limited, and scores for the great majority of participants fell below the cutoff for potential clinical significance. Studies that include a wider range of participants, perhaps including those with clinically diagnosed depression, or who are more severely distressed by their tinnitus, may be better able to address whether some tinnitus patients process stress and negative affect in a unique way.

Relationship between tinnitus and noise sensitivity
---------------------------------------------------

Pathological noise sensitivity, or "hyperacusis," is often comorbid with tinnitus (Goldstein and Shulman, [@B23]; Salvi et al., [@B63]). Although our participants reported having no history of hyperacusis, our behavioral data support the idea that tinnitus patients tend to be more sensitive to noise overall. The neural basis of clinical hyperacusis is not well understood, but a few human imaging studies report a dissociation between involvement of subcortical auditory structures in hyperacusis and auditory cortex in tinnitus (Gu et al., [@B26]; Mahoney et al., [@B45]). Indeed, many studies show auditory cortex hyperactivity in tinnitus (Lockwood et al., [@B42]; Giraud et al., [@B22]; Reyes et al., [@B61]; Plewnia et al., [@B58]; Leaver et al., [@B40]), and the current study found a significant relationship between tinnitus awareness and cortical thickness in part of auditory cortex (STG), complementing previous reports of tinnitus-related GM reductions in auditory cortex (Schneider et al., [@B67]). These previous studies indicate a separation within the auditory system between sites of tinnitus (cortical) and hyperacusis (subcortical), the latter affecting basic gain-control mechanisms (Gu et al., [@B26]).

With regard to noise sensitivity in our current study, we also found a modest relationship between SMG and rostral vmPFC morphology and combined noise sensitivity scores. Morphology in these regions (curvature in SMG and thickness in r-vmPFC) appeared to differ between groups; however, this effect was actually driven by differences in noise sensitivity scores between groups. It is unclear whether these neuroanatomical differences are specific to individuals with comorbid tinnitus and hyperacusis, or whether we might find similar morphological differences in SMG and rostral vmPFC in people with hyperacusis but no tinnitus. Studies specifically designed to address these issues are needed, particularly those including patients with hyperacusis (Gu et al., [@B26]; Mahoney et al., [@B45]). Considering the influence of noise sensitivity in tinnitus research (and vice versa) is clearly important.

Tinnitus and attention
----------------------

The site of tinnitus-related morphological differences we reported in SMG in the current study (MNI coordinates *X,Y,Z* = 59, −40, 24) is very close to a region of posterior auditory cortex that exhibited hyperactivity in tinnitus patients in our previous study \[MNI coordinates of largest cluster *X,Y,Z* = 56, −40, 15; (Leaver et al., [@B40])\]. In our previous study, we postulated that this hyperactivity reflected the attempt by patients to separate their tinnitus sound from experimental stimuli in order to complete the task. In everyday situations, the SMG (and other parts of posterior parietal cortex) is involved in the attentional modulation of sensory stimuli (Corbetta and Shulman, [@B6], [@B7]). Adjacent posterior auditory cortex has been shown to be recruited in tasks requiring the separation of competing auditory signals (Zatorre et al., [@B77]; Alain et al., [@B1]; Wilson et al., [@B74]; Wong et al., [@B76]), often called the "cocktail party problem." Under this assumption, the relationship between right SMG surface area and tinnitus awareness could be explained by inter-individual variability in the capacity to separate meaningful sounds from background noise. In other words, patients with larger (or use-dependent increases in) SMG surface area may be better able to incorporate tinnitus into (relatively) unattended background noise, allowing them to focus on relevant sounds with more success. Indeed, many studies have reported increased activity in posterior auditory cortex in tinnitus (Lockwood et al., [@B42]; Giraud et al., [@B22]; Reyes et al., [@B61]). So, although the role of posterior auditory cortex and adjacent parietal areas as a whole is likely to be more complex (Griffiths and Warren, [@B25]; Rauschecker and Scott, [@B60]), these areas are very likely to play a role in the attentional modulation of tinnitus as well.

Interpreting of variability in cortical thickness, surface area, and gyrification
---------------------------------------------------------------------------------

Surface-based methods like the ones used here are able to measure morphology in greater detail than volumetric analyses. For example, both surface area and thickness can contribute to the overall volume of cortex, and areas with greater local gyrification are likely to have greater cortical volume (i.e., more gyri = greater surface area = more gray matter). Because these morphological features can have different genetic origins (Panizzon et al., [@B57]; Winkler et al., [@B75]; Eyler et al., [@B16]), precise knowledge of morphological anomalies in clinical populations can increase our understanding of the cellular bases of these anomalies and can serve as a better complement to post mortem histological studies.

However, there is evidence that brain morphology can change with use-dependent experience (May and Gaser, [@B47]) and age (Good et al., [@B24]; Hutton et al., [@B31]) as well. Thus, neuro-morphological effects, as reported here, can have multiple interpretations based on genetics and/or experience. Moreover, it is unclear whether a change in cell number due to experience or cell death would be more likely to affect thickness, surface area, or both. Cortical thickness and surface area both tend to decrease with age (Hutton et al., [@B31]; Lemaitre et al., [@B41]), suggesting that atrophy can affect both these neuro-morphological features (even if age is unlikely to play a role in the current study). Indeed, we hypothesized that morphology in some parts of the brain may change progressively in relation to tinnitus onset in the current study; however, we only saw one such effect in an area between the postcentral and angular gyri. This could be evidence of use-dependent increases in cell number in this area, though the exact interpretation is unclear. Longitudinal research, both within the context of tinnitus and without, is needed to better understand the effects of plasticity on brain morphology.

Conclusions: implications for models of tinnitus pathophysiology
================================================================

Overall, the present data support the hypothesis that parts of the limbic system play a central role in tinnitus pathophysiology beyond a mere reaction to the tinnitus sound. Specifically, we argue that chronic tinnitus is caused by failure of the vmPFC-network to suppress unwanted activity in the auditory system (Mühlau et al., [@B53]; Rauschecker et al., [@B59]). This model is supported by evidence of GM reductions in vmPFC in three independent samples of participants \[(Mühlau et al., [@B53]; Leaver et al., [@B40]) and the present study\], in addition to anomalous activity in this network (Schlee et al., [@B66]; Leaver et al., [@B40]; Schecklmann et al., [@B65]). Furthermore, separate neural systems seem to mediate the tinnitus percept itself and the emotional reaction to tinnitus. Our data showed that the severity of tinnitus distress predicted cortical thickness in aIns, and symptoms of anxiety and depression correlated with scACC thickness; neither of these correlations was present in vmPFC. Note too that morphology in aIns and scACC did not differ between tinnitus patients and controls. Chronic tinnitus may not be caused, as some have argued, by forming negative associations with tinnitus. Stress and negative affect can certainly exacerbate tinnitus (Sullivan et al., [@B72]; Folmer et al., [@B20]; Dobie, [@B12]), but our data suggest that stress and negative affect are not necessary components of chronic tinnitus. The simple fact that not all tinnitus patients are distressed by their tinnitus suggests that models predicated on distress are unlikely to truly capture the disorder. If the neuroanatomical bases of tinnitus-related suffering and negative affect are indeed separable from those mediating the tinnitus signal itself, this underscores the importance of addressing both systems when developing treatment programs for tinnitus (Jastreboff, [@B33]).
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